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ABSTRACT 
Aspergillus awamori glucoamylase (GA) is an enzyme involved in industrial com 
starch processing. Genetic and biochemical approaches were used to smdy the mechanisms 
governing GA thermostability. Three proline substimtion (Xaa-Pro) mutations were 
constructed that were predicted to increase the enzyme's stability by decreasing its 
conformational entropy of unfolding. When expressed ui Saccharomyces cerevisiae 
Ser30-Pro increased, Asp345-Pro did not alter and Glu408-Pro greatly decreased GA 
stability as measured by resistance to irreversible thermoinactivation relative to the wild-
type enzyme. The Ser30-Pro mutation was combined with other previously identified 
stabilizing mutations to examine whether combining such mutations could cumulatively 
stabilize the GA. The SerSO-Pro mutation cumulatively stabilized the enzyme when 
combined with the Asn20-Cys/Ala27-Cys mutations, which create a disulfide bond 
between positions 20 and 27. Similarly, when SerSO-Pro was combined with a 
Glyl37-Ala mutation the enzyme was cumulatively stabilized. The combined mutant 
Asn20-Cys/Ala27-Cys/Ser30-Pro/Glyl37-Ala was the most stable variant constructed 
and increased the enzyme's activation energy for thermoinactivation by 4.4 kJ/moI at 65°C 
and its melting temperature (the temperature at which the enzyme was 50% inactivated 
after 10 minutes) by 3.9°C relative to wild-type GA. None of the combined mutants 
decreased the enzyme's activity. The Asn20-Cys/Ala27-Cys/Ser30-Pro/Glyl37-Ala and 
Ser30-Pro/Glyl37-Ala mutants increased resistance to irreversible thermoinactivation in 
the presence of 1.71 M glucose and outperformed wild-type GA in a high-temperamre 
ix 
(65°C) saccharification of DE 10 maltodextrin. 
Using random mutagenesis, an AspZSS-Asn mutation was identified that increased 
the expression of recombinant GA by S. cerevisiae when grown at elevated temperatures in 
both wild-type and Gly396-Ser genetic backgroimds. This may be due to increased 
resistance to intra- and/or extra-cellular proteolysis conferred by the Asp238-Asn amino 
acid substimtion. The screening method used to identify the Asp238-'Asn mutation may be 
useful to identify other mutations which could increase the expression of other production-
deficient GA mutants. 
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CHAPTER 1, GENERAL INTRODUCTION 
Dissertation organization 
The body of this dissertation contains three chapters (Chapters 2-4) describing my 
research on Aspergillus awamori glucoamylase. The first two chapters were formatted for 
Nature Biotechnology and will be combined into one manuscript prior to submission to that 
journal. The final research chapter was formatted for and will be submitted to PROTEINS: 
Structure, Function, and Genetics. A general introduction chapter was included to 
introduce the topic and orient the reader to the relevance of the work, and a general 
conclusions chapter was included to summarize the findings of the work and relate those 
findings to the overall goals of the research. Any references cited in the general 
introduction or general conclusions chapters appear at the end of the dissertation. 
References cited in other chapters may be found at the end of the chapter in which they 
appear. 
Introduction 
Glucoamylase fi-om the fimgus Aspergillus awamori [ a-l,4-D-glucan 
glucohydrolase, EC 3.2.1.3] (GA), which is identical to the GA produced by A. niger and 
was formerly called amyloglucosidase, is an enzyme that catalyzes the release of P-glucose 
fi-om the non-reducing ends of starch and related oligosaccharides'-^. GA is used heavily in 
the com starch processing industry^^ Following starch liquefaction by a-amylase, GA is 
used in saccharification reactions to produce glucose syrups that may be used directly in 
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fermentations for ethanol production or converted to fructose syrups by the action of 
glucose isomerase^-'*. 
GA has been well characterized genetically and biochemically. The GA gene from 
A. awamori has been cloned® and expressed in the yeast Saccharomyces cerevisiae'. The 
enzyme has a 471 amino acid N-terminal catalytic domain, a 104 amino acid C-terminal 
starch-binding domain and a highly glycosylated 71 amino acid internal region that links 
the catalytic and starch-binding domains while partially overlapping the catalytic domain® '. 
The three-dimensional structure of the catalytic domain of A. awcanori var. XlOO OA, 
which has a primary sequence 95 % identical to A. awamori GA, has been solved by X-ray 
crystallography^" and the starch binding domain three-dimensional structure has been 
determined by NMR spectroscopy". 
The relationship between protein structure and ftmction is of great interest in 
biochemistry, and the fact that GA is well characterized genetically and biochemically 
makes it an excellent system for smdying these relationships. Additionally, since the 
enzyme is used industrially, examination of its basic biochemistry has led to information 
allowing rational changes to the enzyme through genetic engineering to improve its 
industrial characteristics. 
This dissertation presents research on the examination of GA thermostability by 
site-directed and random mutagenesis. The contribution of the enzyme's conformational 
entropy of unfolding to thermostability was examined by proline substimtion (Xaa-Pro), 
and the effects of combining stabilizing mutations were smdied by constructing several 
mutant GAs containing two or more individual stabilizing mutations. Using random 
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mutagenesis, a single mutant was isolated that increased GA production by S. cerevisiae 
grown at elevated temperatures. 
Literature review 
Glucoamylase 
GA is produced by many organisms, both eukaryotic and prokaryotic, but 
industrially the most important are fungal^-'^. GA from A. niger and A. awamori are 
heavily used in the conversion of com starch to glucose and fructose syrups^^. GA is also 
used in the production of low calorie beer^ ". 
Aspergillus produces at least two forms of GA'^, commonly called GAI and GAII. 
GAI (amino acids 1-616) is composed of the N-terminal catalytic domain (amino acids 1-
471), the C-terminal raw-starch-binding domain (amino acids 513-616) and the internal 
highly 0-glycosylated linker region (amino acids 441-512)®-'. GAU (amino acids 1-512) 
lacks the starch-binding domain, has a greatly reduced affinity for raw starch''' and is the 
product of limited proteolysis of GAI® (?-glycosyIation of GA has been implicated to be 
important for enzyme stability and secretion'^". Additionally, two residues (Asnl71 and 
Asn395) are A'-glycosylated, and glycosylation of Asn395 is important for secretion and 
stability of recombinant GA^. 
The complete amino acid sequence of GAI has been previously reported® (Figure 1), 
and the GA gene from A. awamori has been cloned® and expressed in S. cerevisiae^. In 
addition to the three-dimensional structure of the catalytic domain of GA from A. awamori 
var. XlOO, further biophysical characterization with the inhibitor 1-deoxynojirimycin has 
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1 ATLDSWLSNE ATVARTAILN NIGADGAWVS GADSGIWAS PSTDNPDYFY 
51 TWTRDSGLVL KTLVDLFRNG DTSLLSTIEN YISAQATVQG ISNPSGDLSS 
101 GAGLGEPKFN VDETAYTGSW GRPQRDGPAL RATAMIGPGQ WLLDNGYTST 
151 ATDIVWPLVR NDLSYVAQYW NQTGTOLWEE VN6SSFPTIA VQHRALVEGS 
+ 
201 AFATAVGSSC SWCDSQAPEI LCYI.QSFWT6 SFILANFDSS RSGKDAN7LL 
251 GSIHTFDPEA ACDDSTFQPC SPRALANHKE VVDSFRSI7T I.NI3GLSDSEA 
301 VAVGRYPEDT YYNOIPWFLC TLAAAEQLYD ALYQWDKQGS LEVTDVSLDF 
351 FKALYSDAAT GTYSSSSSTY SSIVDAVKTF ADGFVSIVET HAASN6SMSE 
+ 
401 QYDKSDC^QL SAKDLaWSYA ALLTANNRRN SWPASWGET SASSVPGTCA 
*  **  
451 ATSAIGTYSS VTVTSWPSIV ATGGTTTTAT PTGSGSVTST SKTTATASKT 
•• • • • * * * • * * * * 
501 STSTSSTSCT TPTAVAVTFD LTATTTYGEN lYLVGSISOL GDWETSDGIA 
551 LSADKYTSSD PLWYVTVTLP AGESFEYKFI RIESDDSVEW ESDPNH2YTV 
601 POACGTSTAT VTDTWR 
Figure 1. Complete amino acid sequence of A. niger glucoamylase®. Underlined residues 
indicate the starch-binding domain, (*) represent 0-glycosyIated residues and 
(+) represent A'^glycosylated residues. 
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revealed the location of the catalytic residues^^ Figure 2 shows a ribbon drawing of the 
catalytic domain with the catalytic acid (Glul79) and base (Glu400) indicated. This domain 
contains 13 a-helices folded into a 12-heIix a/a barrel with the core of the barrel 
containing the active site'°*^^ The structure of the starch-binding domain consists of eight 
P-strands arranged in an open-sided p-barrel''. While the structure of the linker region has 
not been determined, it is thought to form a rigid rod between the catalytic and starch-
binding domains^®; therefore, the overall topology of the enzyme is thought to form a 
dumbbell-type shape approximately 190-A in length. 
GA has the ability to cleave a-1,4 and a-1,6 linkages in starch as well as a-1,3 
glucosidic linkages^-'^. However, the enzyme shows a preference for a-1,4 linkages, 
cleaving them much faster than other glucosidic linkages^-GA also prefers long 
substrates. The Michaelis constant, decreases and the reaction rate increases with 
increasing substrate length^'^^. For example the for maltoheptaose is 5-6 times greater 
than for maltose"-^^. This trend has also been confirmed for a-1,6 linked substrates^-
GA operates optimally at acidic pH and relatively high temperature^ '-. The enzyme 
shows a pH optimum of 4-5 and a temperature optimum of 55°-60°C^ '^. At higher 
temperatures the enzyme is rapidly and irreversibly inactivated^-^. Since the 
saccharification reaction in starch processing is the rate-limiting step\ a thermostable GA 
that could be used at higher temperatures and thus increase the reaction rate would be 
advantageous industrially^. Other advantages of increased reaction temperamre include 






Figure 2. Ribbon drawing of the A. awamori var. XlOO GA catalytic domain'" prepared using MOLSCRIPT®". 
The catalytic residues are indicated using one-letter amino acid abbreviations. 
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Enzyme thermostability and thermoinactivation 
Like all proteins, enzymes are held in a native three-dimensional conformation by 
many interactions including hydrogen bonds, van der Waals forces, salt bridges, 
hydrophobic interactions and covalent bonds. Upon heating, enzymes begin to unfold due 
to increased molecular motion. This is usually the first step in enzyme inactivation. The 
enzyme will be inactive when the unfolding proceeds to the point at which the catalytic 
residues are no longer positioned properly for catalysis or when residues involved in other 
enzyme-substrate or enzyme-cofactor interactions are no longer in active conformations. 
The temperature at which enzymes are no longer active varies greatly for different 
enzymes; some unfold at low temperatures while others show remarkable heat stability^'. 
It has long been known that the information needed to properly fold many proteins 
is contained in the primary sequence of the protein^. Therefore, if an enzyme is 
completely unfolded and inactivated by heating, it should refold into its active conformation 
upon cooling. This process is called reversible inactivation, and is known to be the 
mechanism of inactivation for many enzymes^'"^^ However, other enzymes including GA 
do not spontaneously refold to the active conformation, and thus do not regain activity 
upon cooling^-^. This process is called irreversible inactivation. Mechanisms resulting in 
irreversible enzyme inactivation include aggregation, irreversible formation of incorrect 
structures, and covalent modification of amino acid side chains or the peptide backbone 
itself^'^^. If the enzyme resists inactivation in the presence of detergents or can regain 
activity by the addition and then removal of detergents under appropriate conditions, the 
inactivation process is further classified as potentially reversible^^. It should be noted that 
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although disiilfide exchange can occur, this is generally considered a potentially reversible 
inactivation mechanism even though it is a covalent modification, since the proper addition 
of detergents and reducing/oxidizing agents can restore activity^^. 
Enzymes that are soluble in aqueous solutions usually have a hydrophobic core that 
is buried and therefore inaccessible to the solvent. Charged residues are located on the 
surface of the molecule where they interact with the solvent. However, when the solution 
is heated and the enzyme begins to unfold, the hydrophobic regions are exposed to the 
solvent. This thermodynamically unfavorable situation may be remedied by interactions 
between adjacent hydrophobic surfaces on the polypeptide (incorrect structure formation) 
or neighboring molecules (agg^egation)^^ Since aggregation is a multimolecular process, it 
is dependent on enzyme concentration, whereas the formation of monomolecular incorrect 
structures is concentration-independent^^. These incorrect structures or aggregates may be 
quite stable and the enzyme thus would appear to be irreversibly inactivated. If an enzyme 
is inactivated in the presence of detergents, however, the hydrophobic surfaces are not 
forced to be buried and therefore cooling and removal of the detergent may result in 
reactivation of ±e enzyme solution^^. Similarly, addition of detergent following 
inactivation can rescue much of the activity lost during inactivation. Therefore, 
aggregation and incorrect structure formation are called potentially reversible inactivation 
mechanisms^^. 
Truly irreversible enzyme inactivation occvurs upon covalent modification of the 
enzyme^^. This may result in amino acid destruction or peptide bond hydrolysis^^. 
Examples of this mechanism include asparagine and glutamine deamidation, P-elimination 
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of cystines and hydrolysis of Asp-X peptide bonds^-^^-^. GA undergoes deamidation^° and 
hydrolysis of Asp-X bonds^. However, several lines of evidence suggest that these are not 
the most important mechanisms governing GA thermoinactivation"-^^. The primary 
mechanism of GA irreversible inactivation appears to be unfolding of the enzyme followed 
by the formation of incorrect monomolecular structures^. The data supporting this 
conclusion will be presented in the following section. 
Glucoamylase thermostability and thermoinactivation 
GAs from thermophilic organisms have been isolated and characterized^-^®. 
Currentiy, however, no thermophilic GA has been used in industrial starch processing. 
This is due, at least in part, to the molecular characteristics of the GAs isolated from these 
organisms. For example, recombinant GA from the thermophilic bacterium Clostridium 
sp. G0005 shows much greater activity toward a-l,6-glucosidic bonds than the Aspergillus 
enzyme". The a-1,6 activity is thought to be responsible for the formation of reversion 
products such as isomaltose, and the formation of isomaltose decreases glucose yield in 
maltodextrin saccharifications^'^'. Thus, an enzyme with higher a-1,6 activity would 
produce higher amounts of industrially imdesirable reversion products and lower amounts 
of glucose. Additionally, low sequence homology between GAs from thermophiles and the 
enzyme from Aspergillus has made it impractical to use them as the basis for engineering 
mutants with increased thermostability. For example, the GA from the thermophiUc 
flmgus Humicola grisea var. thermoidea is only 51% identical and the Clostridium sp. 
G0005 GA is only 39% identical to the Aspergillus enzyme'*". Therefore, attempts to 
increase GA thermostability for industrial application have focussed on the enzyme from 
Aspergillus and on random or rational modification of the enzyme, rather than on direct 
homology with GAs from thermophilic organisms. 
Several genetic and biochemical smdies have shown that glycosylation plays a role 
in stabilizing GA'®"^®. Additionally, in 1990 Munch and Tritsch observed the formation of 
high molecular weight disulfide-linked oligomers and low molecular weight protein 
fragments corresponding to Asp-X peptide bond breakage^. However, using chemical 
methods, they showed that these events were not the rate-determining steps in irreversible 
inactivation at 70 °C^; these authors suggested that irreversible formation of incorrect 
structures following enzyme unfolding may be involved. 
More recently, smdies by Chen et al. have shown that Asp-X peptide bond 
cleavage^ and deamidation of Asn residues^® play a role in GA inactivation below 70°C. 
Using genetic engineering, residues suspected to be involved in these mechanisms were 
mutated, and the stability of the resulting mutant enzymes was analyzed. For example, an 
Asp257-Glu mutant GA, designed to reduce Asp-X peptide bond hydrolysis between 
positions 257 and 258, slightiy reduced thermoinactivation rates below 10°as did an 
Asnl82-'Ala mutant that was designed to reduce deamidation^®. Clearly, deamidation and 
Asp-X peptide bond hydrolysis play a role in the irreversible inactivation of GA below 
70°C, but that role appears to be minor given the time course of inactivation^®-^^'^ and the 
fact that mutations designed to eliminate these covalent modifications only slightiy 
stabilized the enzyme^®-^. 
Additional work by Chen et al?^ and Li^® has shown that the enzyme may be 
stabilized by increasing the rigidity of the peptide backbone. The stabilizing mutations 
analyzed by these investigators include Gly-Ala, engineered disulfide bonds, and Xaa-Pro. 
Gly-Ala and Xaa-Pro mutations involve flexible residues replaced with more rigid ones, 
while disulfide bonds link and thereby may reduce the flexibility of adjacent regions. 
These types of mutations manifest their stabilizing effects by increasing the rigidity of the 
a-carbon backbone in both folded and the unfolded state, thereby decreasing ±e protein's 
conformational entropy of unfolding, although it has been suggested that disulfide bonds 
may also contribute to enthalpic stabilization/destabilization as well"*' "^. Examples of 
mutations of this type that stabilized GA against irreversible thermoinactivation at all 
temperatures examined between 65° and 75°C include Glyl37-Ala^^, 
Asn20-Cys/Ala27-Cys^'®, and Ser436-Pro^-^^. These smdies led Li to propose a model 
for GA thermoinactivation^. This model proposes that upon heating, the native folded 
conformation begins to vmfold to a partially active state. This partially unfolded state is 
followed by the formation of an incorrect or "scrambled" structure that is completely 
inactive; peptide bond hydrolysis follows and is therefore not rate-determining in the 
inactivation process. 
These smdies suggest that significant stabilization of GA may be possible. 
Although the modifications smdied thus far have increased the enzyme's stability, industrial 
implementation has not yet occurred. This may be due, in some cases, to problems of 
enzyme production, activity or insufficient stabilization. Therefore, further investigation 
remains necessary to clearly understand the mechanisms governing GA stability so that 
modifications can be engineered to strongly stabilize the enzyme without affecting its 
production or activity. 
12 
Enzyme stabilization strategies 
Many strategies are available for stabilizing an enzyme. Traditionally, techniques 
such as addition of organic or ionic stabilizing agents, immobilization and chemical 
modification have been used. The advent of recombinant DNA technology has given 
researchers powerful new tools for enzyme modification, and both random and site-directed 
mutagenesis have been used to introduce stabilizing amino acid substimtions into enzymes. 
These methods and their application to GA will be discussed below. 
The introduction of stabilizing agents has successfully stabilized many enzymes'^. 
Stabilizing agents include polyethylene glycol, glycerol, sugars, dextrans and some ionic 
compounds'^. Previously, investigators have observed that GA is more resistant to 
thermoinactivation in the presence of substrate"*^-^ (maltodextrin or starch) than in its 
absence, and some have attributed this to specific interactions between the enzyme and 
substrate"*', presumably at the active site. In the presence of starch or maltodextrin, 
however, GA will catalyze the production of glucose. Glucose has been shown to stabilize 
galactose/glucose binding protein by a nonspecific mechanism"'® and, therefore, it may be 
possible that glucose stabilizes GA by both specific interactions at the active site and by 
nonspecific interactions as well. GA is used industrially at very high substrate 
concentrations and is likely to be strongly stabilized by the maltodextrins and glucose 
present. Additional stabilization of GA by non-carbohydrate compounds is not practical 
industrially due to the enzyme's use in the production of material for human consumption. 
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Iimnobilization is another method traditionally used to stabilize enzymes, and it has 
been applied to GA as well'^-'*'. An immobilized enzyme would allow a continuous process 
to be used for saccharification. Attempts to stabilize GA in this manner have been 
successful'*®-'" but have not been implemented industrially because of enzyme activity loss, 
insufficient stabilization, or decreased glucose yields in maltodextrin saccharifications. 
Chemical modification and mutagenesis dififer firom immobilization and the addition 
of stabilizing agents in that they attempt to alter the enzyme itself rather than the enzyme's 
operational environment. Chemical modification has resulted in remarkable stabilization of 
some enzymes including trypsin and a-chymotrypsin^. However, when this method was 
applied to GA, the enzyme demonstrated activity loss and/or only slightly increased 
stability^-^'. Thus, traditional enzyme stabilization strategies, while showing some 
promise, have not resulted in a GA with increased practical industrial stability. 
Random mutagenesis is a powerful tool for altering a given characteristic of an 
enzyme if a suitable screen or selection method is used. With or without extensive 
knowledge of structure/homology, random mutagenesis may be used to introduce mutations 
that would otherwise not be predicted to affect a given characteristic from the existing 
information. 
Random mutagenesis has been applied to many enzymes and has been used to probe 
a wide variety of biochemical characteristics. For example, the contributions of pro-
sequences to the formation of active subtilisin^, properties of subtilisin important for 
improved activity in non-aqueous solvents^^ and amino acids critical for the catalytic 
activity of T7 RNA polymerase^'*, a-lytic protease from Lysobacter enzymogenes^^ and 
14 
Bacillus stearothermophilus a-amylase^® have all been examined using random 
mutagenesis. Additionally, many researchers have used random mutagenesis to isolate 
mutant enzymes with altered thermostability^"®^, and this method has successfully stabilized 
many enzymes"*^'-®^ including a-amylase". 
In 1994, Flory et al. reported the characterization of several temperature-sensitive 
mutants of GA isolated using random mutagenesis®'. The amino acid substimtions fell into 
three categories: 1) a small hydrophobic residue substimted by a larger residue 2) a flexible 
amino acid replaced by a more rigid one 3) mutations which altered a structural element of 
the enzyme®'. The most temperature-sensitive mutant isolated in this smdy, Gly396-Ser, 
fell into the second category and decreased the enzyme's activation energy for 
diermoinactivation (AG^ by 13 kJ/moI without significantly affecting enzyme activity at 
30°C®'. 
Direct selection or screening for thermostable mutants of GA expressed in S. 
cerevisiae is difficult since the enzyme is quite stable even at 55 °C; the host organism, 
however, will not grow above approximately 40°C. Thus, the host organism will not 
survive at the required screening temperatures. One method of avoiding this problem 
involves the isolation of temperature-sensitive mutants followed by random mutagenesis 
and screening for second-site intragenic mutations that partially or completely suppress the 
temperature-sensitive phenotype. 
Researchers employing this method have isolated second-site intragenic suppressors 
that have restored activity to staphylococcal nuclease®^ and phage lambda repressor®^ 
mutants, restored high-temperature folding competence to temperature-sensitive folding 
15 
mutants of phage P22 tailspike protein^', and increased the thermostability of 
temperature-sensitive Escherichia coli ribonuclease HI mutants™. Many of these mutants 
were shown to act globally. For example, several E. coli ribonuclease HI temperature-
sensitive suppressor mutants increased the thermostability of the wild-type enzyme^°. 
Clearly, isolation of temperature-sensitive suppressor mutants has led to the identification 
of mutations that stabilize enzymes. Since a pool of temperamre-sensitive GA mutants was 
available®', the isolation of second-site suppressors of these mutations was a reasonable 
genetic approach to examine GA stability. 
Site-directed mutagenesis may also be used to introduce mutations that alter the 
characteristics of an enzyme under investigation. However, rational engineering of 
mutations requires extensive structural and/or homology information as well as a solid 
theoretical imderstanding of the enzyme characteristic being examined. For systems with 
this information available, site-directed mutagenesis is a powerful tool for enzyme 
engineering and has been appUed to numeroias smdies of enzyme thermostability. 
Investigators wishing to increase the stability of an enzyme must first select a 
specific amino acid substitution and location for mutagenesis. The sites and substimtions 
selected depend on a number of factors including the mechanism of inactivation'^ context 
of the substimtion'^ and the operating environment of the mutant enzyme^^. Examples of 
mutations that have stabilized enzymes include those which: 1) introduce disulfide 
bonds^ '*'-'*^, 2) enhance hydrophobic interactions''*, 3) introduce metal binding sites'^ 4) 
enhance a-helix dipoles'^, 5) remove sites of asparagine deamidation^®, and 6) decrease the 
enzyme's conformational entropy of unfolding'^"''. 
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Several mutations based on the known GA structure'" and knowledge of the 
mechanisms governing protein stability have been constructed and several stabilizing 
mutations have been identified. GA mutations that significantiy increase thermostability 
include an engineered disulfide bond between positions 20 and 27 and two mutations 
(GlylST-Ala^^ and Ser436-Pro^-'^^) designed to decrease the enzyme's conformational 
entropy of unfolding. These results suggest that other mutations designed to decrease the 
enzyme's conformational entropy of unfolding may successfully stabilize GA against 
irreversible thermoinactivation. 
In addition to the demonstration that individual amino acid substimtions can 
stabilize enzymes, several reports have shown that combining two or more such mutations 
can result in cumulative stabilization^ '^'". Enzymes which have been cumulatively 
stabilized include kanamycin nucleotidyltransferase'®, T4 lysozyme'', oligo-1,6-
glucosidase" and GA^®. Therefore, although it is clear that combining individual 
stabilizing mutations does not always result in cumulative stabilization^^, this approach can 
be used to greatly increase the stability of enzymes including GA. 
Research goals 
This research program was designed to use mutagenesis to more completely 
elucidate the mechanisms governing GA thermostability and thermoinactivation. Ideally, 
with the knowledge gained, thermostable mutants could be constructed that could be used 
industrially. These goals were accomplished by the following; 
1) Several proline substimtion (Xaa-Pro) mutations were constructed to examine the 
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contribution of conformational entropy of unfolding to the enzyme's 
thermostability and thermoinactivation. 
2) Stabilizing mutations were combined to examine whether this could result in 
cumulative enzyme stabilization. 
3) Random mutagenesis was used to identify a second-site intragenic suppressor of a 
temperature-sensitive GA phenotype expressed from S. cerevisiae. 
The first objective is described in the second chapter and the second objective is described 
in the third chapter. The fourth chapter describes the isolation and characterization of a 
mutant that partially suppressed a temperature-sensitive GA phenotype. Although this 
mutant was no more resistant to irreversible thermoinactivation than the original 
temperature-sensitive mutant, the phenotype may be a result of increased metabolic stability 
conferred by the second-site intragenic mutation. 
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Abstract 
To investigate the mechanisms governing Aspergillus awamori glucoamylase 
thermostability, three proline substimtion mutations were constructed. These mutations 
were predicted to increase GA stability by decreasing the enzyme's conformational entropy 
of unfolding. When expressed in Saccharomyces cerevisiae, SerSO-Pro (S30P) strongly 
stabilized the enzyme, whereas Asp345-Pro (D345P) did not significantly alter and 
Glu408-Pro (E408P) greatly decreased enzyme thermostability. The SerSO-Pro mutant 
GA showed a significantly decreased rate of irreversible thermoinactivation when analyzed 
between 65° and 11.5°C without decreased enzyme activity. At 65°C a 1.7-foId decrease 
in thermoinactivation rate coefficients was seen, and the activation energy for 
thermoinactivation was increased by 1.6 kJ/mol relative to wild-type GA. This is one of 
the most strongly stabilizing mutations isolated in Aspergillus GA. 
Key words: glucoamylase, proline, thermostability, entropy, mutagenesis 
19 
Introduction 
Aspergillus awamori glucoamylase [ a-I,4-D-glucan glucohydrolase, EC 3.2.1.3] 
(GA) is an enzyme that catalyses the release of P-glucose from the nonreducing ends of 
starch and related oligosaccharides. GA is used in, and defines the rate-limiting step of, 
the commercial conversion of starch to high glucose syrups that may be converted to 
fructose syrups by glucose isomerase or used in fermentations to produce ethanol. GA is 
used industrially at 55°-60°C; at higher temperatures the enzyme is rapidly and 
irreversibly inactivated. Therefore, a GA variant with increased thermostability would be 
advantageous industrially. 
GA is composed of a large catalytic domain (amino acids 1-470), a highly 
glycosylated linker region that overlaps the catalytic domain (amino acids 441-512) and a 
starch-binding domain (amino acids 513-616)'. The crystal structure of the closely related 
A. awamori var. XlOO GA catalytic domain has been solved^ and the active site has been 
described^. The catalytic domain includes 13 a-helices that fold into a 12-helix a/a 
barrel, with the core of the barrel defining a pocket containing the catalytic acid and base^. 
Munch and Tritsch' showed that denaturation followed by formation of incorrect 
structures may be an important mechanism governing the irreversible inactivation of GA. 
More recently, several GA mutants have been constructed that decrease the rate of 
irreversible thermoinactivation. For example, an Asnl82-Ala mutant (which removes a 
deamidation-labile Asn-Gly bond) was slightly more stable than wild-type GA below 70 °C 
at pH 4.5®, and a Glyl37-Ala mutant was more resistant to irreversible thermoinactivation 
than wild-type GA between 65° and 77.5°C'. Additionally, simultaneous mutation of 
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Ala20 and Asn27 to Cys'", which creates a disulfide bond between positions 20 and 27, and 
mutation of AIa246 to Cys", which creates a disulfide bond between positions 246 and 
320, strongly stabilized the enzyme. These results suggest that significant increases in GA 
stability may be possible through protein engineering. 
Previous work has shown that the natural stability of oUgo-I,6-glucosidase'^ and 
puUulanase" can be positively correlated to the mole percent proline present in the protein, 
and a general rule for protein stability has been proposed'"^. This work has been extended 
to show that bacteriophage T4 lysozyme^^ and Bacillus cereus ATCC 7064 oligo-1,6 
glucosidase'® can be stabilized by engineering proline into selected sites thereby decreasing 
the protein's conformational entropy of unfolding. 
We have applied a similar strategy to our studies of GA stability. Three sites 
(Ser30, Asp345 and Glu408) were selected for proline substimtion based on structural and 
evolutionary considerations. Mutations at these sites were constructed using the cloned A. 
awamori gene" and the proteins were expressed in Saccharomyces cerevisiae^^. The 
stability of the mutant proteins was measiured by their resistance to irreversible 
thermoinactivation at various temperatures. The Ser30-Pro (S30P) mutation increased, the 
Glu408-Pro (E408P) mutation decreased and the Asp345-'Pro (D345P) mutation did not 





Table 1 shows the specific activities of wild-type and mutant GAs at 50°C and pH 
4.5. None of the proline substimtion mutations significantly altered enzyme activity. 
Table 1. Specific activities of wild-type and 
mutant GAs determined at pH 4.5 and 50 °C 
using maltose as substrate. 
Specific activity^ 





^Standard deviation resulting from three or 
more assays 
Irreversible thermostability 
Wild-type and mutant GAs were subjected to thermoinactivation at pH 4.5, as 
described in the experimental protocols. Semilogarithmic plotting of the percent residual 
activity against inactivation time was used to derive inactivation rate coefficients 
Figure 1 shows the relationship between temperature and for wild-type and mutant GAs. 
Based on these data, activation energies for thermoinactivation (AG*) were calculated using 
transition-state theory, and melting temperatures (TJ were computed to indicate the 








l/T X 10^ (K"') 
Figure 1. Effect of temperature on irreversible thermoinactivation rate coefficients 
of wild-type and mutant GAs. 
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seen, the E408P mutation greatly decreased, the D345P mutation did not significantly alter 
and the S30P mutation increased GA stability. It should be noted that although Table 2 
shows that the D345P mutant GA demonstrated slightly increased AG* and T^,, we do not 
feel these changes are significant or that the D345P mutant GA is more stable than wild-
type since the for this mutant enzyme at two well separated temperatures (65° and 
75°C) are essentially indistinguishable from wild-type GA (Figure 1). 
Table 2. Changes in AG* at 65°C and T^, for the mutant 
GAs relative to wild-type. 
AAG* AT, 
GA form (kJ/mol) (°C) 
S30P 1.6 1.7 
D345P 0.5 0.4 
E408P -7.2 -6.7 
Discussion 
Selection of sites for proline substitution 
Figure 2 shows the sites selected for proline substimtion in the nearly identical 
catalytic domain of A. awamori var XlOO GA whose structure is known^. Based on this 
structure, we chose three sites for substimtion, which met the following criteria: 1) 
Ramachandran' angles were within allowed values for proline. For this work the (f) 
and jangles at the substituted site were restrained to the broad range (f) = -90° to -40°, ijr 
= 120° to 180° or 0 = -90° to -40°, ^ = -50° to 10° 2) Residues were highly solvent-
exposed, since mutation of residues in the core of the enzyme were thought to be more 
Figure 2. Ribbon drawing of the A. awamori var. XI00 GA catalytic domain^ prepared using MOLSCRIPT^®. 
The sites of mutation are indicated using one-letter amino acid abbreviations. Position 408 in the 
GA used in our study is occupied by a glutamate residue. 
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likely to decrease the enzjone's catalytic efficiency. 3) Residues did not participate in 
hydrogen bonding with other amino acids. Additionally, based on sequence alignments 
with GAs from other organisms^", only residues that met the above structural criteria and 
were not well conserved were selected for mutation. SerSO could be aligned with proline 
in GA's from Hurrdcola grisea var. thermoidea and Hormoconis resinae GamP^, which 
made it particularly attractive for proline substitution. 
GA specific activity 
None of the mutations decreased enzyme activity at 50°C. This suggests that these 
mutations did not significantly alter the enzyme's structure around the active site or alter its 
interaction with substrate. 
GA thermostability 
The proline substitution mutations had different thermostabilities when measured by 
their resistance to irreversible thermoinactivation. When compared to wild-type GA, 
E408P decreased, D345P did not significantly alter and S30P increased GA stability 
(Figure 1 and Table 2). 
E408P destabilized GA. As was first suggested by Schimmel and Hory^^ and has 
been expanded by others^-^, proline not only restricts the 0,Rvalues for the site at which 
it exists, but also the Rvalues of the preceding residue. These reports suggest that the 
^ values for the residue preceeding proline should be restricted to approximately (p = 
-180° to -55° and ifr = 55° to 180° or ^ = -180° to -55° and f = -30° to -70° for all 
residues in Xaa-Pro except for Xaa-Gly, for which the preceeding still applies, but is 
extended to include ^=45° to 180°. In ±e publishedawamori var. XI00 catalytic 
domain structure^, Asp408 (^=-65°, {i^l46°), which aligns with Glu408 mA. awamori 
GA, has 4>, values within ranges acceptable for proline. However, the preceeding residue 
Gly407 (^=80°, i(r=-5°) has 0,^outside acceptable ranges for positions preceeding 
proline. Therefore, it was not surprising that the E408P mutation destabilized GA. 
Additionally, X-ray crystallography suggests that position 408, in the closely related A. 
awamori var. XI00 GA^, lies within a P-strand, a site not well smted for proline 
substitution. 
Asp345 (0 = -65°, ijr = -26°) and the preceeding Thr344 (0 = -116°, ^ =178°) 
have jangle values well within allowed values for proline substimtion at position 345. 
However, the D345P mutant GA did not demonstrate stability significantly different from 
wild-type GA. This is particularly interesting since position 345 lies at the N-terminus of 
an a-helix^, a position previously shown to be particularly favorable for proline 
substimtion^®. A possible explanation for this observation is that Asp345 is at the N-
terminus of a-helix II in the /4. awamori var. XlOO GA structure^. Replacing Asp345 with 
Pro could disrupt the a-helix dipole. Therefore, any entropic stabilization brought about 
by the proline substimtion might be offset by the disruption in the a-helix dipole. An 
alternative explanation for this observation is that a-helix 11 is not part of the core I2-helix 
a/a barrel structure, and therefore stabilization of tiiis helix may not be reflected in our 
fimctional stability assay. Interestingly, Li'° showed that another mutation in this region, 
Lys352-Arg, which was predicted to increase GA stability but failed to do so in our 
functional assay, did increase one thermal unfolding transition by 1.5°C when measured by 
differential scanning calorimetry. This suggests that the region including a-helix 11 may 
represent a subdomain that unfolds independently of the rest of the catalytic domain. In 
other words, it may be possible that slight stabilization or destabilization of a-helix 11 does 
not result in an enzyme with significantiy altered fimctional stability since this helix is not 
part of the core a/a barrel. 
SerSO {(f> = -49°, ijr = 130°) is preceeded by Val29 (0 = -127°, ifr - 46°) both of 
which have acceptable <p,ilrzsig\t values except Val29 ilr=^° which is slightiy smaller 
than ideal for proline substimtion at position 30. Upon characterization, the S30P 
substimtion increased GA thermostability. Position 30 lies on an extended loop between a-
helices 1 and 2 in the /4. awamori var. XlOO GA structure^ and can be aligned with proline 
in other GAs as discussed above. When this loop region is examined more closely, 
position 30 is at the second position of a type II P-tum using the definition of Wilmot and 
Thornton^'*. This is in agreement with the observations of Watanabe et al}^ who have 
suggested that the second position of P-tums is particularly favorable for proline 
substimtion. These investigators have reported increases in T^, of 0.8°-l .4°C per proline 
residue for substitutions made at the second position of P-tums m Bacillus cereus ATCC 
7064 oligo-l,6-glucosidase. 
Conclusions 
Proline substimtion mutagenesis has resulted in an /I. awamori GA mutant with 
increased thermostability. The S30P mutation strongly stabilized GA without decreasing 
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enzyme activity. To our knowledge, this is the most stabilizing individual mutation of A. 
awamori GA isolated to date that does not severely decrease enzyme activity. Other 
mutations that strongly stabilize GA without decreasing activity have been isolated in our 
laboratory, including Glyl37~Ala' and Asn20-Cys/Ala27-Cys, which creates a disulfide 
bond between positions 20 and 27'°. AH of these mutations were designed to stabilize the 
enzyme by decreasing its conformational entropy of unfolding. These results, and the 
work presented in this smdy, not only suggest that imfolding entropy is an important 
mechanism governing the irreversible thermoinactivation of GA but also point to mutations 
that may be combined with S30P to construct a GA variant with greatly increased stability. 
Such a combined mutant could be used industrially at significantly higher temperatures than 
the currently used enzyme. 
Experimental Protocol 
Materials 
The plasmid YEpPMlS'® and S. cerevisiae C468 {(xleu2-3 leu 2-112 his 3-11 his 3-
15 mal'Y^ and were gifts from Cetus. Acarbose was a gift from Miles Laboratories, and all 
restriction enzymes were firom Promega. 
Site-directed mutagenesis 
Site-directed mutagenesis was performed according to the Muta-Gene phagemid in 
vitro mutagenesis kit from Bio-Rad, which is based on the method of Kunkel et al.^ A 
1.7-kb Xhol-BamHl DNA ft-agment coding for the GA catalytic domain was cloned into a 
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pBluescript II KS(4-) vector from Stratagene. The following oligonucleotides were used as 
mutagenic primers: CAGAGTCCGCGCCCGGCACCCAAGCACCGTC (S30P), 
AAGTCCAGCGACACAGGTGTGACCTCCAACGAC (D345P) and CGAGCGGAAAG-
CTGCGGGCCATCAGACTTGTC (E408P). The underlined nucleotides in the primers 
indicate mismatches creating the proline substitution mutations. The presence of the 
individual mutations was confirmed by sequencing, and each mutated GA gene fragment 
was subcloned into YEpPMlS'® and transformed into S. cerevisiae. 
Enzyme production and purification 
Wild-type and mutant enzymes were produced by growing yeast at 30°C in 5.3-1 
SD + His media (1.7 mg/ml yeast nitrogen base without amino acids or ammonium sulfate 
(Difco), 5 mg/ml anmioniimi sulfate, 1% glucose, 0.1 mg/ml L-histidine) for 72 h at pH 
4.5 in a 5.0-1 fermentor. After 48 h, 100 g of glucose and 22 g of (NHJjSO^ in 300 ml 
HjO was added as a supplement^. Following growth, the culture was centrifuged to 
remove yeast cells, the supernatant was concentrated by ultrafiltration, diafiltered against 
0.5 M NaCl/0.1 M NaOAc, pH 4.5, and purified by acarbose-Sepharose affinity 
chromatography^®. GA was eluted with 1.7 M Tris-Cl, pH 7.6, dialyzed against HjO, 
further concentrated by ultrafiltration and diafiltered against 0.05 M NaOAc buffer, pH 
4.5. The protein concentration was determined according to the Pierce bicinchoninic acid 
protein assa)^ using bovine serum albumin as a standard. 
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Enzyme activity assays 
Enzyme activities were determined at 50°C using 4% maltose in 0.05 M NaOAc 
buffer, pH 4.5, as substrate. One international unit (lU) of enzyme activity was defined as 
the amount of enzyme required to produce 1 /zmol/min glucose at assay conditions. 
Following mixing of enzyme with substrate, six 100-/.tl samples were removed at 7 min 
intervals over 42 min, the reaction was stopped with 40 fil of 4.0 M Tris-Cl, pH 7.0, and 
the glucose concentration was determined according to the Sigma peroxidase-glucose 
oxidase/<9-dianisidine glucose assay kit. 
Irreversible thermoinactivation 
Duplicate aliquots of 40 fig/val of purified wild-type and mutant enzymes were 
subjected to inactivation at six or more temperatures between 65° and 80°C at intervals of 
2.5°C. Samples were removed at six different times, immediately placed on ice and stored 
at 4°C for 24 h. The residual activity of the inactivated samples, along with a 
corresponding sample which had not been subjected to thermoinactivation, was determined 
as described above but at 35°C. 
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Abstract 
To investigate whether individual stabilizing mutations can cumulatively stabilize 
Aspergillus awamori glucoamylase (GA), three combined mutant enzymes were 
constructed. Previous work has shown that the following individual mutations stabilize GA 
as demonstrated by decreased irreversible thermoinactivation rates when inactivated in the 
absence of carbohydrate: Ser30-Pro (S30P), Glyl37-AIa (G137A), and 
Asn20-Cys/Ala27-Cys (which creates a disulfide bond between residues 20 and 27 and is 
therefore noted as S-S for convenience). A S30P/G137A double mutant cimiulatively 
stabilized GA as demonstrated by decreased irreversible thermoinactivation rates relative to 
either individual mutant enzyme (S30P or G137A) when analyzed between 65 °C and 80°C. 
Similarly, a S-S/S30P combined mutant also demonstrated cumulative stabilization. 
Finally, a S-S/S30P/G137A combined mutant was more stable than either of die double 
mutants, particularly above 70°C. The S-S/S30P combined mutant had the same activity as 
wild-type, whereas the S30P/G137A and S-S/S30P/G137A mutants increased enzyme 
activity by 10-20% when assayed between 35° and 68°C. The S30P/G137A and 
S-S/S30P/G137A mutant GAs decreased thermoinactivation rates two to three-fold relative 
to wild-type when inactivated in the presence of 1.71M glucose at 65°C. Additionally, at 
55 °C no difference in glucose yield was observed between these mutant GAs and wild-type 
during saccharification of the industrial DE 10 maltodextrin substrate Maltrin Ml00, 
whereas at 65°C the S30P/G137A and S-S/S30P/G137A GAs produced 8-10% more 
glucose than wild-type GA. 
Key words: glucoamylase, thermostability, mutagenesis, saccharification, combined 
effects 
Introduction 
Glucoamylase [ a-l,4-D-glucan glucohydrolase, EC 3.2.1.3] (GA) is an enzyme 
that catalyzes glucose release from the nonreducing ends of starch and related 
oligosaccharides. Industrially, GA from Aspergillus is used to produce glucose syrups 
from com starch; these syrups may be used directly in fermentations for ethanol production 
or converted to fructose syrups by glucose isomerase. GA is used commercially at 60°C. 
At higher temperatures the enzyme is rapidly and irreversibly inactivated. A more stable 
GA, which could be used at elevated temperanires, is industrially desirable. Advantages of 
using elevated temperatures include increased reaction rate (or decreased amoimts of 
enzyme required to give the same reaction rate as at 60° C), decreased microbial 
contamination of reaction vessels, and decreased viscosity of reaction syrups. 
GA is composed of a catalytic domain (amino acids 1-470), a highly glycosylated 
linker that overlaps the catalytic domain (amino acids 441-512) and a starch-binding 
domain (amino acids 513-616)'. The structure of the A. awamori var. XlOO GA catalytic 
domain has been solved by x-ray crystallography^ and the active site has been described^^ 
The highly a-helical catalytic domain folds into a 12-helix a/a barreP with the core of the 
barrel defining a pocket containing the catalytic acid and base^. 
Previous work in our laboratory and others has shown that site-directed mutagenesis 
may be used to stabilize A. awamori GA^'°. Using the cloned A. awamori GA gene" and a 
yeast expression system'^, we have shown that the following mutations stabilized GA in the 
absence of carbohydrate without decreased enzyme activity: Asn20-Cys/Ala27-Cys' 
(referred to as S-S in this work), which creates a disulfide bond between positions 20 and 
27, Ser30-Pro® (S30P) and Glyl37-Ala® (G137A). Additionally, recent work by Fierobe 
et al? has shown that an engineered disulfide bond between positions 246 and 320 strongly 
stabilized GA, but the resulting mutant enzyme had reduced activity at 45°C. 
Previous work has shown that combining individual stabilizing mutations can 
cumulatively stabilize many proteins including kanamycin nucleotidyltransferase'^ and T4 
lysozyme''^. To investigate whether individual stabilizing mutations can cumulatively 
stabilize GA, we prepared various combined mutant enzymes. The S30P/G137A double 
mutant enzyme was more stable than either single mutant GA when analyzed for resistance 
to irreversible thermoinactivation between 65°C and 80°C. The S-S/S30P combined GA 
mutant was also more stable than either the S30P or the S-S mutant GAs. The 
S-S/S30P/G137A combined mutant was the most stable GA variant constructed. 
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particularly at temperatures above 70 °C when inactivated in a buffer system lacking mono-
or polysaccharides. Similar results were obtained when the S30P/G137A and 
S-S/S30P/G137A mutants were inactivated in the presence of high concentrations of 
glucose at 65°C. Under these conditions the mutants demonstrated inactivation rate 
coefficients two to three-fold lower than wild-type GA, and saccharification analysis 
showed that the mutant enzymes performed better at elevated temperatures than wild-type 
GA. Importantly, none of the combined mutant GAs showed decreased enzyme activity 
when analyzed at 50°C, and the S30P/G137A and S-S/S30P/G137A mutants demonstrated 




Table 1 shows the specific activities of the wild-type and mutant GAs at 50°C and 
pH 4.5 using maltose as substrate. None of the mutant GAs demonstrated reduced enzyme 
activity, and the S30P/G137A and S-S/S30P/G137A mutants were somewhat more active 
than wild-type at 50°C. To determine if the apparent increased activity was due to 
differential survival of active enzyme at the assay temperature, the activities of these 
mutant enzymes were assayed at various temperatures between 35° and 68°C (Figure 1). 
The S30P/G137A and S-S/S30P/G137A mutant GAs were 10-20% more active than wild-















65 35 40 45 50 55 60 70 
Temperature (®C) 
Figure I. Effect of temperature on the activity of wild-type and mutant GAs. Errors bars represent standard deviations 
resulting from three assays. 
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Table 1. Specific activities of wild-type and mutant GAs at 
pH 4.5 and 50°C using maltose as substrate. 
Specific activity® 




S-S/S30P/G137A 24.5 ±0.2 
' Standard deviation resulting from three or more assays 
Thiol analysis 
The formation of a disulfide bond between positions 20 and 27 in the 
Asn20-Cys/Ala27-Cys mutant GA has been confirmed previously^. Table 2 shows the 
results of thiol analysis for the combined mutants S-S/S30P and S-S/S30P/G137A. A. 
awamori GA has one free cysteine at position 320®. The combined mutant GAs show 
slightly higher thiol content per molecule than wild-type, which may reflect less than 
complete disulfide bond formation between positions 20 and 27. However, if the disulfide 
bond was completely unformed, the [SH]/protein would be expected to rise to 
approximately three with the addition of two free cysteine residues. Therefore, we 
conclude that the disulfide bridge is formed at 70-80% the expected theoretical yield for 
complete formation. 
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Table 2. Thiol analysis of wild-type and mutant GAs. 
GA form [Protein] (/xM) [SH] QM)' [SH]/[Protein]^ 
Wild-type 10 8 0.8 
S-S/S30P 10 11 1.1 
S-S/S30P/G137A 10 13 1.3 
" Average of duplicate analysis 
Irreversible thermoinactivation without glucose 
Wild-type and mutant GAs were subjected to thermoinactivation at pH 4.5 between 
65° and 80°C. Semilogarithmic plotting of residual activity versus inactivation time was 
used to determine inactivation rate coefficients (kj). Figure 2 shows the effect of 
temperature on kj for wild-type and mutant GAs. As can be seen, the combined mutants 
are significantly more stable than the individual mutant enzymes. Additionally, the 
temperature at which the enzymes were 50% inactivated after 10 min (TJ was calculated 
by extrapolation from the thermoinactivation plots, and transition-state theory was used to 
calcxilate activation energies for thermal inactivation (AG*) at 65°C. Table 3 shows the 
changes in AG* (AAG*) and T^, for the combined mutant GAs relative to wild-type GA. 
These data clearly demonstrate that combining the individual stabilizing mutations can 
cumulatively stabilize the enzyme. 
Irreversible thermoinactivation in 1.71 M glucose 
To determine whether the mutants were more stable than wild-type GA in the 
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Figure 2. Effect of temperature on irreversible ±ermoinactivation rate coefficients 
of wild-type and mutant GAs. Data for the G137A and S-S mutant OAs 
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Figure 2. (continued) 
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Table 3. Changes in activation energies for thermoinactivation (AAG*) at 
65°C and temperatures at which the enzyme is 50% inactivated after 10 
min (ATJ relative to wild-type GA. 
AAG*^' 
GA form (kJ/mol) AT^, (°C) 
S30P^ 1.6 1.7 
GI37A= 0.8 1.2 
S-S" 1.2 1.4 
S30P/G137A 4.5 3.5 
S-S/S30P 3.5 3.2 
S-S/S30P/G137A 4.4 3.9 
^ Calculated at 65°C 
" From Allen et. al} 
^ From Chen et. al^ 
From Li et. al? 
industrial operating environment than a buffered system without sugars present), the 
thermostability of the wild-type and mutant GAs was analyzed by irreversible 
thermoinactivation at pH 4.5 in 1.71 M glucose at 65°C. As described in the experimental 
protocol, the samples were inactivated and then diafiltered into 0.05 M NaOAc, pH 4.5, to 
remove glucose prior to activity analysis. Due to the necessity of filtering the samples to 
remove glucose, a pilot experiment was performed to test the effect of filtration on GA. 
Duplicate samples of wild-type GA were inactivated without glucose. One series of 
inactivated samples was filtered and the other was left unfiltered. When the specific 
activity of the retained enzyme in the filtered series was analyzed, essentially no activity 
was lost over the time course of inactivation (Table 4B): however, the amount of protein 
recovered decreased dramatically with increasing inactivation time (Table 4B). Thus it 
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appeared that the inactivated enzyme was lost during filtration. No protein was detected in 
the filtrates, indicating that the lost enzyme was bound to the filtration membrane. In order 
to estimate for the filtered and unfiltered wild-type GA, the product of the protein 
recovered and residual activity of the recovered protein was plotted semilogarithmically 
against inactivation time (Figure 3). As can be seen, the for the unfiltered series was 
75% that of the the estimated k^ for the filtered series. 
Table 4. % Residual activity and protein recovery from wild-type GA inactivated 
in 0.05 M NaOAc pH 4.5. 
A. Wild-type unfiltered 
Inactivation % Residual activity 



















B. Wild-type filtered 
Inactivation 
time Cmin) % Protein recovered 
% Residual activity 

















* no data was obtained for this time point due to complete sample loss during filtration 
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Wild-type unfiltered (^^=0.015 min'^) 
Wild-type filtered (estimated 0.020 min'^) 
T 
10 20 30 40 50 60 
Time (min) 
Figure 3. Effect of filtration on irreversible thermal inactivation of wild-type 
GA at 65°C. 
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When the wild-type and mutant GAs were inactivated in 1.71 M glucose, followed 
by diafiltration into 0.05 M NaOAc, pH 4.5, less than 25% of the specific activity was lost 
in the recovered protein (Table 5A), but the amount of protein recovered decreased 
dramatically with increasing inactivation time (Table 5B), and no protein was detected in 
the filtrate. Estimated were calculated as above and corrected for the greater apparent 
inactivation rate due to filtration. Table 6 shows the for wild-type and mutant GAs at 
65°C in 0.05 M NaOAc pH 4.5 buffer only and the estimated for the samples 
inactivated in 1.71 M glucose. As can be seen, the glucose stabilized the enzyme at least 
10-fold, and the mutants were four-fold more stable than wild-type GA when inactivated in 
buffer only and two to three-fold more stable when inactivated in the buffered glucose 
syrup. 
Saccharification analysis 
Figure 4 shows the results of saccharification analysis at 55° and 65 °C for wild-
type, S30P/G137A and S-S/S30P/G137A GAs using the industrial DE 10 maltodextrin 
substrate Maltrin MlOO (28% w/v) firom Grain Processing Corporation. Complete 
conversion of 28% w/v DE 10 maltodextrin to glucose would result in a 1.71 M glucose 
syrup. Industrial saccharifications typically result in 96% conversion'^. However, 
previous saccharification analyses in our laboratory have demonstrated that recombinant 
wild-type GA produced by yeast typically results in approximately 90% theoretical 
maximum glucose yield at 55°C'® ". The difference is apparentiy due to the lack of 
secondary enzymes (a-amylase and pullulanase) present in the industrial reactions". At 
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Table 5. % Residual activity and protein recovery from wild-type and mutant GAs 
inactivated in 0.05 M NaOAc, pH 4.5, with 1.71 M glucose. 
A. % Residual activity of recovered protein 
Inactivation 
time Oil Wild-type S30P/G137A S-S/S30P/G137A 
0 100 100 100 
10 111 109 94 
20 104 98 86 
30 77 90 85 
40 83 84 81 
B. % Protein recovered 
Inactivation 
timeOi) Wild-tvpe S30P/G137A S-S/S30P/G137A 
0 100 100 100 
10 47 58 81 
20 20 66 66 
30 15 34 43 
40 5 36 36 
Table 6. Effect of 1.71 M glucose on irreversible thermoinactivation rate 
coefficients of wild-type and mutant GAs at 65°C. 
0.05 M NaOAc (h"') 




0.05 M NaOAc Estimated (Ti'') 



























Figure 4. Saccharification of 28% (w/v) DE 10 maltodextrin by 8 (jg/ml wild-type, S30P/G137A and 
S-S/S30P/G137A OAs. Data points represent the average of duplicate reactions. 
SS'C no significant difference in glucose production was observed between the wild-type 
and mutant enzymes (all of which resulted in approximately 90% conversion of DE 10 
maltodextrin to glucose), indicating that thermoinactivation of wild-type was not rate-
determining and that specific activity differences between wild-type and the mutants did not 
affect the final glucose yield over the time course of the reaction. At eS'C, however, the 
mutant GAs produced 8-10% more glucose than wild-type GA, although none of the 
enzymes tested produced as much glucose as at 55°C probably due to thermoinactivation of 
the enzyme at the elevated reaction temperature. 
Discussion 
Sites of mutation 
Figure 5 shows the sites of mutation lq the catalytic domain of GA. The criteria 
used to select these sites have been discussed in detail in Allen et al^. (S30P), and in the 
publications of Chen et al.^ (G137A), and Li et al? (S-S), and will not be repeated. 
Briefly, the mutations Asn20-Cys and Ala27-Cys form a disulfide bond between the C-
terminus of a-helix 1 and an extended loop between a-helices 1 and 2^. S30P and G137A 
were designed to stabilize the enzyme by reducing its conformational entropy of imfolding 
and are the most stabilizing in a series of proline substimtion (Xaa-Pro) and Gly-Ala 
mutations, respectively®-®. Ser30 is located at the second position of a type II P-tum on an 
extended loop between a-helices 1 and 2, and Glyl37 is located in the middle of the fourth 
a-helix®-®. 
It is of particular importance to note the positions of the S30P and the disulfide 
Figure 5. Ribbon drawing of the A. awamori var. XlOO GA catalytic domain^ prepared using MOLSCRIPT". 
The sites of mutation are indicated using one-letter amino acid abbreviations. 
52 
bond-forming mutations. The disxilfide bond is formed between positions 20 and 27, 
relatively close to position 30. The fact that both the disulfide bond-forming mutations and 
the S30P stabilize GA suggests that this region of the enzyme is critical for irreversible 
thennoinactivation and may represent a region of local unfolding important for 
thennoinactivation. Additionally, previous investigators have suggested that a disulfide 
bond should not be engineered within four amino acids of a proline in the primary 
sequence'®. Our work demonstrates that this rule is not absolute since thiol analysis 
showed that the disulfide bond was formed in the S-S/S30P and S-S/S30P/G137A combined 
mutants, and thermoinactivation smdies showed the stabilizing effects of the mutations 
were cumulative. 
Enzyme activity 
None of the single mutations had enzyme activity significantiy different from wild-
type GA at 50°C^®. Interestingly, the combined mutants had increased activity compared 
to wild-type GA at aU temperatures tested between 35° and 68°C. A possible explanation 
for this may be the existence of active and inactive conformations due to local unfolding 
and refolding of the molecule at the assay temperature. Introduction of stabilizing 
mutations may result in a greater population of molecules in an active conformation, thus 
resulting in higher specific activity for the mutant enzymes. 
Cumulative stabilization 
Previous work in our laboratory has shown that combining two stabilizing mutations 
does not necessarily stabilize GA®. The present smdy shows that the three mutations 
chosen here can be combined to cumulatively stabilize the enzyme even though two of the 
mutations (S-S and S30P) are very close together in the protein. Thus, cumulative 
thermostabilization must be assessed on a case by case basis. 
S30P combined with G137A showed more than additive stabilization at low 
temperatures (65°-70°C), but less than additive stabilization at high temperatures (77.5°-
80°C) (Figure 2A and Table 3). At 80°C the inactivation rate for the S30P/G137A 
combined mutant was nearly identical to that of the S30P individual mutant protein. This 
indicates that both regions are very important for low temperature thermoinactivation, but 
at high temperatures inactivation became governed by other processes. 
It was somewhat surprising that combining the S30P with the disulfide bond-
forming mutations resulted in cumulative stabilization. This is not only because the 
engineered disulfide bond is so close to the engineered proline as discussed above, but also 
because both are targeting the same region of the protein (i.e., the extended loop between 
a-helices 1 and 2). If either the disulfide bond or S30P stabilized this region maximally, 
further stabilization at this site would not result in a fimctionally more stable enzyme. As 
can be seen in Figure 2B and Table 3, combining the mutations resulted in roughly additive 
stabilization at all temperatures examined between 65° and 80°C. This raises the 
possibility tiiat further stabilization may result from the addition of more stabilizing 
mutations in this region. 
The S-S/S30P/G137A comti-ed mutant was no more stable than S30P/G137A GA 
at low temperatures (65''-70°C), but it was slightly more stable at higher temperatures 
(75°-80°C) (Figure 2C and Table 3). Interestingly, the S-S/S30P GA was also more stable 
than S30P/G137A GA at high temperanires. Therefore, it appears that the introduced 
disulfide bond is particularly effective at stabilizing GA at high temperatures. The cause 
for this observation remains unclear. However, given the position of the bond, it may 
serve to anchor the extended loop to the first a-helix, thereby preventing it from unfolding 
even at high temperatures. 
Industrial application 
Carbohydrates are known to stabilize proteuis''-^° including GA^'"^. To determine 
whether the most stabilizing mutations, S30P/G137A and S-S/S30P/G137A, would enhance 
GA performance under conditions more closely resembling those which the enzyme would 
encounter industrially, we inactivated wild-type and mutant enzymes at high glucose 
concentrations (Tables 5 and 6) and subjected the enzymes to high temperature 
saccharifications (Figure 4). The mutants, which were four-fold more stable than wild-type 
GA when inactivated at 65°C without glucose, were approximately two to three-fold more 
stable than wild-type when inactivated in a 1.71 M glucose syrup (Table 6). Additionally, 
saccharification analysis showed that the mutant enzymes outperformed wild-type GA at 
65°C but not at 55°C due to their increased stability. 
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Conclusions 
We have demonstrated cumulative stabilization of A. ccwamori GA by combining 
stabilizing mutations. It is significant that the most stabilizing mutations in GA identified 
to date all decrease the enzyme's conformational entropy of unfolding. It is possible that 
additional stabilization may be achieved by introducing other mutations that decrease 
unfolding entropy. In addition, we have clearly shown that a disulfide bond can be 
successfully engineered within four amino acids of proline. This may have significance for 
those wishing to engineer disulfide bonds in other enzymes. 
The most important conclusion of this work is the significant stabilization of GA 
without activity loss, as seen both in irreversible thermoinactivation assays and during the 
saccharification of an oligosaccharide substrate. Based on irreversible thermoinactivation 
analysis, we estimate that the S30P/G137A and S-S/S30P/G137A mutant GAs could be 
used industrially at temperatures 3-4°C higher than wild-type GA. This could greatly 
increase the rate of saccharification reactions (or decrease amounts of enzyme required to 
give the same reaction rate as at 60° C), decrease microbial contamination of reaction 
vessels, and decrease the viscosity of reaction syrups. Conversely, the mutant GA could 
be used at the same temperature as wild-type but for much longer reaction times, which 





The yeast expression plasmid YEpPMlS'" and S. cerevisiae C468 (or leu2-3 leu 2-
112 his 3-11 his 3-15 mal'f^ were gifts from Cetus. All restriction enzymes were from 
Promega (Madison, WI). 5,5'-dithiobis(2-nitrobenzoic acid) and guanidine hydrochloride 
(GdnHCl) were from Sigma (St. Louis, MO). Acarbose was a gift from Miles 
Laboratories and Maltrin MlOO DE 10 maltodextrin was a gift from Grain Processing 
Corporation. 
Site-directed mutagenesis 
Site-directed mutagenesis was performed according to the Muta-Gene phagemid in 
vitro mutagenesis kit from Bio-Rad, which is based on the method of Kunkel et al}^ For 
the S-S/S30P combined mutant, a 1.7-kb Xhol-BamlS. DNA fragment coding for the wild-
type GA catalytic domain was cloned into a pBIuescript n KS(+) vector from Stratagene. 
The following oligonucleotide was used as a mutagenic primer: 
CCGCGCCCGGCACCCAACAACCGTCCGCCCCGATGTTACACAGCATGGC, the 
underlined nucleotides represent DNA mismatches that create the S30P, A27C and N20C 
mutations, respectively. For the S30P/G137A mutant GA, the 1.7-kb Xhol^BamYQ. DNA 
fragment coding for the previously constructed S30P GA catalytic domain^ was cloned into 
a pGEM-7Zf(+) vector from Promega. The following oligonucleotide was used as a 
mutagenic primer: ACTGCTATGATCGCTI TCGGGCAATGG^. The imderlined 
nucleotides indicate DNA mismatches that create the G137A amino acid substimtion. The 
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S-S/S30P/G137A combined mutant was constructed using the S-S/S30P oligonucleotide 
listed above and a single stranded DNA template derived from a pBluescript n KS(+) 
vector with a 1.7-kb Xhdl^BarriHl DNA fragment coding for the GA catalytic domain, 
which already contained mutations conferring the S30P and GI37A amino acid 
substitutions. The presence of the individual mutations was confirmed by sequencing, and 
each mutated GA gene fragment was subcloned into YEpPMlS'" and transformed into S. 
cerevisiae. 
Enzyme production and purification 
Wild-type and S-S/S30P GAs were produced in a 5.0-1 fermentor as previously 
described®. S30P/G137A and S-S/S30P/G137A mutant GAs were produced by growing 
yeast containing the appropriate mutant expression plasmid in SD+His media at 30°C for 5 
days in a shaking incubator. Wild-type and mutant GAs were purified via acarbose affinity 
chromatography as previously described®. 
Enzyme activity assays 
Wild-type and mutant GA activities were analyzed at 50°C using 4% maltose, in 
0.05 M NaOAc, pH 4.5, as substrate®. 
Thiol analysis 
Wild-type, S-S/S30P and S-S/S30P/G137A mutant GAs (10 nmol each) were 
incubated in 0.2 mM 5,5'-dithiobis(2-mtrobenzoic acid), 6 M Gdn.HCl, and 50 mM Tris, 
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pH 8, in duplicate'. The thiol concentration was calculated from a standard curve 
established using 0-30/iM cysteine. 
Irreversible thermoinactivation without glucose 
Wild-type and mutant GAs were subjected to thennoinactivation at six or seven 
temperatures between 65° and 80°C at 2.5°C intervals in duplicate. Following 24 h at 
4°C, the residual activities of the mactivated samples were analyzed at 35 °C along with a 
corresponding sample that had not been inactivated®. 
Irreversible thermoinactivation in 1.71 Mglucose 
Wild-type and mutant GAs (40 /ig/ml) were subjected to thermoinactivation at 65° C 
in 0.05 M NaOAc, pH 4.5, containing 1.71 M glucose for 0, 10, 20, 30, 40 and 50 h. 
Since complete conversion of 28% (w/v) DE 10 maltodextrin to glucose would result in a 
1.71 M glucose syrup, the carbohydrate concentration in the Lnactivation mixture was 
similar to that in the saccharification reactions (see below). After at least 24 h at 4°C, the 
samples were exhaustively diafiltered into 0.05 M NaOAc, pH 4.5, using Centricon-3 
concentrators from Amicon. The protein concentrations in the final retentate was 
determined using the Pierce bicinchoninic acid protein assay^. The residual activities of 
the retained enzyme was determined as described above but at 35°C. 
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Saccharification analysis 
Saccharifications were performed in duplicate using stirring heating blocks and 
tightly sealed vials to prevent evaporation. Wild-tj^e and mutant GAs (8 /ig/ml) were 
assayed using 28% (w/v) DE 10 maltodextrin in 0.05 M NaOAc, pH 4.5, as substrate. At 
various times, sample was removed, diluted appropriately in 0.05 M NaOAc, pH 4.5, and 
the reaction was stopped by adding 100 fil of diluted sample to 40 fil of 4.0 M Tris-Cl, pH 
7.0. The glucose concentration was determined by a glucose oxidase/o-dianisidine assay®. 
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CHAPTER 4. ASP238-ASN INCREASES EXTRACELLULAR 
EXPRESSION OF RECOMBINANT ASPERGILLUS 
AWAMORIGLUCOAMYLASE BY SACCHAROMYCES 
CEREVISIAE GROWN AT fflGH TEMPERATURE 
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Abstract 
Gly396-Ser (G396S) was isolated as a random temperature-sensitive mutant of 
Aspergillus awamori glucoamylase (GA) by Floiy et al., [Flory, N., Gorman, M., 
Coutinho, P. M., Ford, C. andReilly, P. J. Protein Eng. 7:1005-1012, 1994.] that 
decreases both the thermostability and extracellular production of the recombinant enzyme 
expressed in Saccharomyces cerevisiae. On Petri plates containing starch, this mutant 
results in visible halos (zones of GA activity) at 30° but not at 37°C. We have now 
isolated an independent suppressor of the G396S mutation. We randomly mutagenized a 
plasmid encoding the G396S mutant GA, followed by transformation into S. cerevisiae and 
screening for suppressor mutants that produce a Iialo at both 30° and 37°C. A single 
putative suppressor mutation was identified, and DNA sequencing showed that in addition 
to the original G396S mutation one other expressed mutation was present that resulted in an 
Asp-Asn substimtion at position 238 G^238N). No significant difference in 
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ihennostability was observed between the G396S and G396S/D238N mutants or between 
wild-type and D238N GAs. Additionally, no difference in the specific activities between 
wild-type and D238N enzymes was seen under various conditions of pH, salt 
concentration, and substrate concentration. Culture supematants of G396S/D238N, 
however, contained much more GA than supematants of G396S when the yeast host was 
grown at 33.5° and 37°C but not at 30°C. Additionally, culture supematants of the 
D238N mutant contained significantly more GA than supematants of wild-type, when the 
yeast host was grown at 37°C but not at 30° and 33.5°C. Taken together these results 
demonstrate that the D238N mutation increases recombinant GA production by 5. 
cerevisiae when grown at elevated temperatures, and the screening method may be useful 
for identifying other mutations that increase GA production. These mutants would be 
useful for improving the production of other GA structural mutants with reduced 
expression. 
Key words: glucoamylase, random mutagenesis, protein production, Saccharomyces 
cerevisiae, thermostability 
Introduction 
Glucoamylase [ a-l,4-D-glucan glucohydrolase, EC 3.2.1.3] (GA) is an enzyme 
that catalyzes the release of glucose from the nonreducing ends of starch and related 
oligosaccharides. Industrially, GA from Aspergillus is used to produce glucose symps 
from com starch; these syrups may be used in fermentations for ethanol production or 
converted to fructose syrups by glucose isomerase. GA is used at 55°-60°C. At higher 
temperatures the enzyme is irreversibly inactivated. In addition to cleaving a-1,4 
glucosidic bonds, GA also cleaves a-1,6 linkages. The a-I,6 activity results in the 
formation of reversion products such as isomaltose, which reduce glucose yields to 94-96% 
theoretical mayimnm Several mutants that have been isolated to improve either 
thermostability or glucose yields have had poor expression in yeast compared to wild-type 
GA'*^ Thus, a secondary mutation that could potentially enhance expression of these 
industrially desirable GA variants would be useful. 
GA is a multidomain enzyme that includes an N-terminal catalytic domain (amino 
acids 1-470) and a C-terminal raw-starch-binding domain (amino acids 513-616) linked to 
the catalytic domain by a highly glycosylated linker region that overlaps the catalytic 
domain (amino acids 441-512)". The catalytic domain of the closely related A. awamori 
var. XI00 GA has been crystallized, and the structure has been solved^. The 13-helix 
catalytic domain folds into a 12-helix a/a barrel with the active site located in the core of 
the barrel^ ®. 
Several investigators have used random mutagenesis to isolate second-site intragenic 
mutations which partially or completely suppress a mutant phenotype'"^°. For example, 
Shortle and Lin isolated three global suppressors of a nuclease-minus phenotype of 
recombinant staphylococcal nuclease expressed in Escherichia coif. Additionally, Hecht 
and Sauer^ and Hecht et al^ used this approach to isolate phage lambda repressor mutants 
that partially restore activity and/or stability to mutant repressors. More recently, Haruki 
et al}° used random mutagenesis to isolate mutations that suppressed the temperature-
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sensitive phenotype of a truncated form of E. coli RNase HI, and several of the mutations 
stabilized the wild-type protein. 
Site-directed and random mutageneses have been used in our laboratory to introduce 
mutations that alter the thermostability or catalytic specificity of Using site-
directed mutagenesis, many stabilizing mutations have been identified"''"*, several of which 
act cxmiulatively when placed together in combined mutants". 
In a complementary smdy, random mutagenesis was applied to OA, and several 
temperature-sensitive (TS) mutants were identified and characterized'^. These mutants 
showed GA activity when grown at 30°C on media containing starch, but showed no 
activity when grown at 37°C. The most temperature-sensitive mutant (Gly396-Ser 
(G396S)) decreased the activation energy for thermoinactivation (AG*) by 13 kJ/mol 
relative to wild-type GA". The G396S mutant had roughly the same activity as wild-type 
GA, but greatly decreased enzyme production by the Saccharomyces cerevisiae host 
organism'^. 
In an attempt to isolate a second-site suppressor of this phenotype, we applied a 
second round of random mutagenesis to the G396S mutant. Following transformation into 
yeast, colonies expressing mutant GAs were screened for a temperature-sensitive 
suppressor phenotype. A single colony that showed GA activity when grown at both 30° 
and 37 °C was selected. DNA sequencing showed that in addition to the original G396S 
mutation, one other expressed mutation was present which caused an Asp-Asn substitution 
at position 238 (D238N)- Irreversible thermoinactivation analysis showed that the 
G396S/D238N mutant was no more stable than the G396S mutant, and the single mutant 
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D238N GA was no more stable than wild-type. Specific activity analysis also showed no 
difference between wild-type and D238N GAs nnder various conditions of salt 
concentration, pH and substrate concentration. When grown in liquid culture at 33.5° and 
37°C but not at 30°C, however, the yeast produced significantly greater amounts of the 
G396S/D238N than G396S GA. Additionally, when grown in liquid culture at 37°C but 
not at 30° or 33.5°C, the yeast produced significantly greater amounts of the D238N than 
wild-type GA. Therefore, the D238N mutation increased high-temperature recombinant 
GA production by S. cerevisiae in both wild-type and G396S genetic backgrounds and may 
increase high-temperature GA expression globally. 
Materials and Methods 
Enzymes, strains, plasmids and media 
The plasmid YEpPM18'® containing the wild-type GA gene and S. cerevisiae C468 
(aleu2-3 leu 2-112 his 3-11 his 3-15 mal')" used as the GA expression organism were gifts 
from Cetus. S. cerevisiae was grown in YPD (untransformed) and SD-hHis (1.7 mg/ml 
yeast nitrogen base without amino acids or ammonium sulfate (Difco), 5 mg/ml ammonium 
sulfate, 2% glucose, 0.1 mg/ml L-histidine) (transformed) or SD+His+1% soluble starch 
(for screening) at 30°C unless otherwise indicated. 
Random mutagenesis 
Hydroxylamine-mediated random mutagenesis was performed by the method of 
Rose et al}^ as previously described'^. 5. cerevisiae was transformed with mutated 
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plasmid and grown on SD+His H-1 % soluble starch at 37°C. After 5 days growth, GA 
activity was detected by training with iodine vapor. Approximately 6000 colonies were 
screened, and a single colony that showed GA activity was selected. The GA coding 
region of the plasmid isolated from this colony was sequenced and showed the presence of 
the mutation causing G396S amino acid substimtion and one other expressed mutation 
causing an Asp-Asn substimtion at position 238. 
Site-directed mutagenesis 
Site-directed mutagenesis was performed using the method of Kunkel et al.^^ by the 
Muta-Gene iq vitro mutagenesis kit from Bio-Rad. A 1.7-kb DNA fragment containing 
part of the GA coding region was ligated into a pBluescriptll KS(+) vector from Stratagene 
using Xhol and BamHL. The following oligonucleotide was used as a mutagenic primer; 
AACGGCTGCTATTGAAGTTGGCCAG, the underlined nucleotide indicates a DNA 
mismatch used to create the D238N amino acid substitution. The presence of the mutation 
was confirmed by DNA sequencing, and the mutated fragment was cloned into an 
otherwise wild-type GA expression plasmid. 
Production and purification ofGA 
Yeast containing plasmids that encoded wild-type and mutant GAs were grown at 
30°C in 5.3 1 SD+His for 72 h at pH 4.5 in a 5.0-1 fermentor and supplemented after 48 h 
as previously described by Allen et al.^^ Following growth, the yeast cells were removed 
by centrifiigation and the GA was purified by acarbose-Sepharose affinity chromatography 
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as previously described by Allen et al}^ The final GA concentration was determined by 
the bicinchoninic acid^° protein assay firom Pierce using bovine serum albumin as a 
standard. 
Enzyme activity assays 
GA specific activity was determined at 50°C, pH 4.5, using 4% maltose^HjO firom 
Sigma as substrate as described by Allen et al.,^^ unless otherwise indicated. 
Irreversible thermoinactivation 
Wild-type and mutant GAs were subjected to thermoinactivation at six different 
temperatures between 65° and 11.5°C (wild-type and D238N) or 53.5° and 66°C (G396S 
and G396S/D238N) in duplicate. At six different times, samples were removed and 
immediately chilled on ice. Following 24 h at 4°C the residual activity of the inactivated 
samples was determined as described above but at 35°C. 
Extracellular GA production 
Yeast containing plasmids coding for wild-type and mutant GAs were grown at 30°, 
33.5° and 37°C in a shaking water bath to ensure temperature uniformity. After 5 days 
growth, the cultures were removed for analysis. The culture density was determined 
spectrophotometrically. The yeast cells were removed by centrifugation and the GA 
activity in the culture supematants was determined at 50°C as described above. The 
G396S and G396S/D238N GA supematants from cultures grown at 33.5° and 37°C were 
concentrated by ultrafiltration, using Diaflo YM 30 membranes and Centricon-30 
concentrators from Amicon, prior to activity analysis. The GA concentration in the culture 
supematants was calculated from the known specific activity of the purified OAs 
determined under the same conditions. 
Results 
Suppressor mutant identification 
The G396S temperature-sensitive mutation was originally isolated by a unique 
phenotype'^. Yeast expressing GA with G396S grown on media containing starch 
produced halos (zones of GA activity) when grown at 30°C but not at 37°C, whereas yeast 
expressing wild-type GA produced halos at both temperatures'^. To isolate suppressors of 
the G396S mutation, we transformed yeast with a plasmid that contained the G396S coding 
mutations and had been subjected to another round of random mutagenesis. The 
transformed yeast were grown at 37°C and examined for halo formation. A single colony 
was identified as a partial phenotypic suppressor (Figure 1) and DNA sequencing of the 
GA coding region showed the presence of mutations causing the amino acid substimtions 
G396S (GGC-AGC) and D238N (GAT-AAT). To verify that no additional extragenic 
mutations contributed to the partial suppressor phenotype, a 2.3-kb Xhol-HindfJl DNA 
fragment that contained the entire mutant GA gene was removed and ligated into a plasmid 
background that had not been subjected to mutagenesis. The starch- plate phenotype for 
yeast expressing G396S/D238N in the "clean" vector background was no different than the 
original isolate, indicating that no additional mutations outside the GA coding region were 
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G396S G396S/ Wild-type 
D238N 
Figure 1. Effect of temperature on halo size of yeast expressing wild-type and mutant 
GAs. Yeast were grown at 30" (A) and 37"C (B) for four days. 
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responsible for the suppressor phenotype. 
Enzyme activity 
Activities of the purified wild-type and mutant GAs were determined at 50° C in 
0.05M NaOAc, pH 4.5, using 4% maltose^HzO as substrate (Table I). To investigate the 
possibility that the D238N mutation altered the activity under conditions other than those 
previously examined, the activities of wild-type and D238N GAs were tested under 
conditions of low salt concentration, low substrate concentration and elevated pH (Table I). 
No significant difference between wild-type and mutant enzyme activity was observed 
under any of these conditions. 
Thermostability analysis 
Wild-type and mutant GAs were inactivated as described in the materials and 
methods. The percent residual activity of the inactivated samples was plotted 
semilogarithmically against inactivation time to obtain inactivation rate coefficients 
Figure 2 shows the relationship between inactivation temperature and for wild-type and 
mutant GAs. From these data, activation energies for thermoinactivation at 65°C (AG*) 
were calculated using transition-state theory, and the temperature at which the enzyme was 
50% inactivated after 10 min (TJ was determined (Table II). It is clear fi-om these data 
that the introduction of D238N into either wild-type or G396S GA did not significantly 
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Figure 2. Effect of temperature on irreversible thermal inactivation rates of wild-type 






Table I. Specific activities of wild-type and mutant GAs at 50°C under various assay 
conditions. 
Assay conditions Wild-type D238N G396S G396S/D238N 
50 mM NaOAc, pH 4.5 
lllmMmaltose 21.1±0.1' 22.4+0.3 18.5±0.6 23.1±0.5 
lOmM NaOAc, pH 4.5 
lllmMmaltose 22.0±0.1 22.4+0.3 ND" ND 
10 mM NaOAc, pH 5.2 
lllmMmaltose 18.5+0.2 18.0+0.2 ND ND 
10 mM NaOAc, pH 4.5 
0.833 mM maltose 8.4+0.03 8.6±0.2 ND ND 
10 mM NaOAc, pH 5.2 
0.833 mM maltose 7.7+0.2 7.7±0.1 ND ND 
® Errors represent standard deviation resulting from three assays. 
^ Not determined 
Table n. Changes in AG^ and T„ for mutant GAs relative to wild-type. 
AAG* AT, 
GA form (kJ/mol.) (°Q 
D238N 0.5 0.5 
G396S -12.5 -12.4 
G396S/D238N -12.3 -12.4 
Extracellular GA production 
To examine the possibility that the partial-suppressor phenotype was caused by an 
alteration in the ability of the S. cerevisiae host organism to produce the enzyme, yeast 
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expressing wild-type and mutant GAs were grown in liquid culture at various temperatures, 
and the GA concentration in the culture supematants was determined by activity analysis. 
It was already known that the G396S mutation significantly decreased GA production when 
the yeast were grown at 30°C'^, but the effect of temperature on production had not been 
examined. Table HI shows the results of this analysis. Increased growth temperature 
clearly decreased GA production by yeast expressing all GA forms, but tiie presence of the 
D238N mutation substantially increased production of wild-type at 37°C and G396S at both 
33.5= and 37°C (Table ni). 
Table HI. GA concentration in supematants of S. cerevisiae cultures 
expressing wild-type and mutant GAs grown at the indicated temperatures. 








































® Errors represent standard deviation resulting from three assays. 
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Discussion 
Positions of mutations 
Figure 3 shows the sites of mutation in the catalytic domain of A. awamori var. 
XlOO GA, which is nearly identical to the GA used in this study and whose structure is 
known^. Positions 396 and 238 are on the surface of the enzyme and are located on 
opposite sides of the molecule. It is therefore unlikely that there are any direct interactions 
between the amino acids in these positions. Structural studies show that neither Gly396 nor 
Asp238 interact directly with the inhibitors 1-deoxynojirimycin^, acarbose^ or T>-gluco-
dihydroacarbose^, and the fact that the enzyme's specific activity was not greatly altered 
by the presence of these mutations suggests that the side chains of these residues are not 
directly involved in enzyme-substrate interactions (Table I). Additionally, previous 
characterization of G396S showed that this mutation does not affect the A/-glycosyIation of 
the preceding residue, Asn395'^. 
Specific activity 
As discussed above, it is unlikely these mutations play a direct role in enzyme-
substrate interactions, but the fact that these residues are located on the surface of the 
molecule raised the possibility they significantly altered the interaction between the enzyme 
and solvent. This possibility was particularly intriguing since the D238N mutation 
involved an acidic side chain mutated to an uncharged side chain of approximately the same 
size. Other investigators, studying bacteriophage T4 lysozyme, have observed increased 
apparent specific activities for mutants involving charged residues, particularly in low salt 
N-lcrm N-tcnn 
Figure 3. Ribbon drawing of the A. awamori var. XlOO GA catalytic domain^ prepared using MOLSCRIPT^' 
The sites of mutation are indicated using one-letter amino acid abbreviations. 
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environments^'*"^®. To examine whether the D238N mutation was causing the observed 
partial suppressor phenotype by a similar mechanism, we tested the activity of wild-type 
and D238N GAs in low salt, elevated pH (to increase the charge on the Asp238 side-chain) 
and low substrate environments (Table I). The activity of the mutant GA was not 
significantly different from wild-type under any of the conditions, suggesting that D238N 
does not significantly alter catalytic activity even in extreme environments. 
Thermostability 
Figure 2 shows the relationship between inactivation rate and temperature, and 
Table n shows the results of thermostability analysis for D238N, G396S and 
G396S/D238N GAs relative to wild-type. As can be seen, introduction of the D238N 
mutation did not affect GA thermostability in either wild-type or G396S backgrounds. It 
should be noted that although D238N increased the AG* and T^, by 0.5 kJ/mol and 0.5°C 
respectively, we do not feel these differences reflect a significant increase in stability. This 
is supported by the observation that the stabilities of wild-type and D238N GAs are 
essentially indistinguishable at two well separated temperatures (65° and 75 °C; Figure 2). 
GA production by S. cerevisiae 
The G396S mutation was already known to decrease the thermostability and 
extracellular production of recombinant GA and to increase the enzyme's sensitivity to 
subtilisin proteolysis". Since the second-site intragenic mutation, D238N, did not alter the 
thermostability or activity of the enzyme, it remained possible that the partial-suppressor 
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phenotype was caused by an increase in extracellular enzyme production. At 30°C no 
difference in enzyme production was observed between either wild-type and D238N or 
between G396S and G396S/D238N GAs. However, as the growth temperature was 
increased to 33.5°C, 10-fold more G396S/D238N GA was produced than G396S. 
Additionally, at 37°C, nearly twice as much D238N GA was produced than wild-type and 
at least 5-fold more G396S/D238N than G396S GA was produced. A possible explanation 
for these results is discussed below. 
Many factors have been implicated in the intracellular stability of proteins, 
including their in vitro stability^'. It has previously been noted that proteins that are less 
stable in vitro are generally also less stable metabolically and vice versa. For example, 
Parsell and Sauer^®, smdying the thermal and metabolic stability of X repressor, found that 
mutants with decreased in vitro thermostability had significantly shorter in vivo half-lives in 
E. coli and attributed this to an increased sensitivity to intracellular proteases. Pakula and 
Sauer^' extended this work to show that mutations which increased the metabolic stability 
of a temperature-sensitive X Cro protein mutant also increased its thermostability in vitro. 
Additionally Inoue and Rechsteiner^, smdying T4 lysozyme mutants with different 
thermodynamic stabilities, found a strong and direct correlation between the thermal and 
metabolic stabilities of the lysozyme variants expressed in E. coli. More recently, Kwon et 
al.^^ extended this idea to show that increasing the stability of bamase could lead to 
increased enzyme recovery from the periplasmic space of E. coli, demonstrating that this 
relationship is not specific to intracellular proteins, but can apply to exponed proteins as 
well. The work presented in this paper (Table HI) and the previous smdy on temperature-
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sensitive GAs'^ show a strong, albeit not absolute, relationship between thermostability and 
GA recovery from S. cerevisiae growth media. This may be due to increased susceptibility 
of temperature-sensitive GA mutants to intra-and/or extracellular proteases given: 1) the 
results of other workers cited above 2) that there was no difference between the promoters 
controlling expression of the wild-type and mutant GAs and 3) that it is unlikely that this 
decreased production is due to problems of codon usage^. 
Growth temperature has also been shown to be important to the intracellular 
accumulation of Xenopus laevis Cu,Zn superoxide dismutase", interferon a-2 in E. coli, 
and interferon a-2 in Methylophilus methylotrophus^. These authors reported significantly 
higher recovery of these proteins when the host organisms were grown at lower 
temperatures, and they implicated differential intracellular protein degradation as a possible 
factor governing this phenomenon. These observations are also consistent with our data on 
GA expressed extracellularly from S. cerevisiae. All GA forms examined demonstrated 
significantly decreased production as growth temperature was increased (Table m). 
The presence of the D238N mutation increased extracellular GA production at 
elevated growth temperatures. This may be due to an altered interaction between the 
protein and the cell's intra-and/or extracellular protein degradation machinery. Dice and 
Goldberg'^  found a strong correlation between the isoelectric point and the in vivo 
degradation rate of several mammalian proteins. They found that more negatively charged 
proteins were degraded faster than neutral or positive proteins^^. However, it should be 
noted that these authors surveyed many different proteins that likely have different folding 
and processing pathways. This observation is quite interesting given the nature of the 
mutation isolated in our study. The substitution of an uncharged Asn residue for the 
negatively charged Asp residue at position 238 may slow protein degradation by a 
mechanism similar to that in mammalian systems and thereby increase GA production by 
yeast. The fact that the phenotype is only observed at elevated temperatures implies that an 
as yet unclear temperature-sensitive mechanism is also involved. Other possible 
explanations for the observed phenotype include differential interactions with cellular 
protein translation, folding, trafficking and secretion machinery. 
Based on its ability to partially suppress the depressed expression of the G396S 
mutant GA, the D238N mutation holds promise for increasing the expression of other GA 
mutants with industrially desirable increases in thermostability or catalytic specificity. 
Additionally, the screen used to isolate D238N may be usefiU for identifying other 
mutations that increase recombinant GA expression by S. cerevisiae 
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CHAPTERS. GENERAL CONCLUSIONS AND 
RECOMMENDATIONS 
General conclusions 
1) Proline substitution mutagenesis (Xaa-Pro) can be used to stabilize GA, Ukely by 
decreasing the enzyme's conformational entropy of unfolding. Specifically, Ser30-Pro 
strongly stabilized GA as measured by resistance to irreversible thermoinactivation, 
without decreased enzyme activity. Asp345-Pro did not significantly alter and 
Glu408-Pro greatly decreased GA stability, but neither mutation affected enzyme 
activity. 
2) Combining stabilizing mutations can cimiulatively stabilize GA. Specifically, SerSO-Pro 
cumulatively stabilized GA when it was combined with the previously identified 
stabilizing mutations Glyl37-Ala and Asn20^Cys/Ala27-Cys (which created a 
disulfide bond between positions 20 and 27). None of the combined mutants 
demonstrated decreased enzyme activity, and the Ser30-Pro/Glyl37-'Ala and 
Asn20-'Cys/Ala27~Cys/Ser30-Pro/Glyl37-Ala combined mutants were more active 
than wild-type GA. 
3) Asp238-'Asn caused a partial suppression of a temperature-sensitive GA phenotype 
conferred by Gly396-Ser. This partial suppressor phenotype was caused by increased 
extracellular production of the Gly396-Ser/Asp238-'Asn mutant GA relative to 
Gly396-Ser, when expressed in Saccharomyces cerevisiae grown at elevated 
temperatures. This may be due to an increased metabolic stability conferred by the 
introduction of the Asp238-'Asn mutation. 
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Recommendations 
1) Use X-ray crystallography to solve the structures of the thermostable GA mutants to 
more completely understand the mechanism of stabilization. 
2) Use differential scanning calorimetry to examine the contributions of the stabilizing 
mutations to irreversible enzyme unfolding. 
3) Use mutagenesis to more completely define the role of the extended loop region between 
a-helices 1 and 2 in GA thermostability. 
4) Investigate the industrial characteristics of the Ser30-'Pro/Glyl37-Ala and 
Asn20-Cys/Ala27-Cys/Ser30-Pro/Glyl37-Ala thermostable mutant GAs. 
Specifically, express GA with these mutations in the industrial Aspergillus awamori 
host and examine the mutant enzyme for important industrial characteristics such as 
enzyme production, ease of purification, thermostability and glucose yield from 
maltodextrin saccharifications. 
5) More closely examine the metabolic stabilities of Gly396^Ser and 
Gly396-Ser/Asp238-Asn mutant GAs. Additionally, more mutations could be 
designed that replace acidic surface residues with neutral amino acids to investigate 
the hypothesis that increased high temperature metabolic stability is conferred by 
decreased enzyme acidity. 
6) Test the ability of the Asp238-Asn mutation to increase the expression of other 
production-deficient GA mutants. 
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